We evaluate the hypothesis that viscous relaxation has been an important process for modifying the topographic profiles of ancient large impact basins on the moon. We adopt a representative topographic profile of the Orientale basin, the youngest large impact basin on the moon, as an estimate of th e initial topography of older basins of similar horizontal dimensions, and we predict the topographic profiles that would result from viscous relaxation according to a number of simple analytical representations of the rheological response of the moon to surface topography. At wavelengths greater than the thickness of a high-viscosity lithosphere, both a decrease in viscosity with depth and the partial to complete isostatic compensation of topographic relief have pronounced effects on the wavelength-dependent relaxation times and must be considered in modeling viscous relaxation for features as large as impact basins. The effect of a decrease in viscosity with depth is to enhance the rate of viscous relaxation at long wavelengths, while the rate of relaxation decreases substantially for the fraction of long-wavelength topography which is isostatically compensated as an initial condition. TheSe models are applied to two pre-Nectarian basins on the moon, the Tranquillitatis 
INTRODUCTION
Impact basins are large, generally circular structures exceeding about 200 km in diameter and often displaying two or more concentric rings. Impact basins formed in the first billion years of planetary history; they can be seen on the surfaces of the moon, Mars,. Mercury, and the Galilean satellites [Hartmann and Wood, 1971; Malin, 1976; Wood and Head, 1976; McKinnon and Melosh, 1980] , and they may have been preserved on the surface of Venus . Their presence on these bodies makes it a virtual certainty that such impact basins also formed on the early surface of the earth, though their formation was prior to the time when stable nuclei of continental lithosphere could persist unmodified to the present, so that these early terrestrial impact basins have not been preserved. the moon, Mars, and Mercury (Figure 1 ), the ring structures of older basins on these planets are often incomplete and much more po0dy preserved. There also are circular basins, possibly of impact origin, on Venus and on the icy Galilean satellites with at most very modest topographic relief. A major candidate for the process responsible for these different degrees of preservation of impact basin topography in the solar system is viscous relaxation of the stresses generated by topographic relief. The rate and degree of viscous relaxation is related to the regional thermal environment and to the thermal evolution of a planet. Extensive relaxation has probably occurred only in impact basins formed early enough in the history of a planet so that near-surface temperatures were high and solid state creep could readily occur on the scale of basin dimensions.
A number of previous studies have supported the suggestion that viscous relaxation has been an important modification process for many impact craters and basins. Viscous relaxation has been proposed by several workers to explain both the reduced topographic relief in a number of specific lunar craters, particularly those with fractured and apparently uplifted floors [Masursky, 1964; Daneg, 1965; Scott, 1967; Baldwin, 1968; Pike, 1968] , and the general reduction in lunar crater relief with age [Baldwin, 1971; Kunze, 1974] . It In this paper we use a representative topographic profile of the youngest large basin on the moon (Orientale) to explore the consequences of viscous relaxation of basin topography. We conside r a range of simple analytical models for viscous flow, and we show that the wavelength-dependent time constants for viscous decay are sensitive to a decrease in viscosity with depth and to the extent of isostatic compensation of initial topography. Finally, we demonstrate that the present topographic profiles for comparatively older impact basins on at least the nearside of the moon are consistent with the hypothesis that viscous relaxation has been a substantial contributor to the modification of topography. The topographic relief preserved for a large ancient basin on the lunar farside suggests that crustal viscosities on the farside of the moon early in lunar history were at least an order of magnitude larger than contemporaneous viscosities on the nearside.
ORIENTALE BASIN TOPOGRAPHY
The Orientale basin on the moon is perhaps the best preserved large impact basin in the inner solar system. In plan view (Figure la) Several factors may influence the initial topography of impact basins of a given size. Melosh and McKinnon [ 1978] have proposed that cavity collapse and ring formation are related to lithospheric thickness. If the cavity depth exceeds the effective elastic thickness of the lithosphere (at the large strain rates of impact basin formation), the n sublithospheric flow enhances cavity collapse and can lead to formation of the outer basin ring. If cavity depth is less than lithospheric thickness, ring formation and cavity collapse are inhibited. Ring formation and cavity collapse may therefore be favored early in lunar history when the elastic lithosphere is likely to have been relatively thin . Further, several processes in addition to viscous flow may modify the initial topography of a basin, including impact degradation, local thermal contraction, and volcanic flooding.
We adopt the present topographic profile of Oftentale as a model for the original topography of older lunar basins of similar horizontal dimensions. The well-developed ring structure around Orientale suggests that cavity collapse has taken place. In addition, Oftentale is the youngest large lunar basin [Hartmann and Wood, 1971; Wilhelms, 1979] , so that it has not been modified by the emplacement of ejecta deposits from any younger basins and the volume of mare basalt fill within the basin is thought to be relatively small [Head, 1974] . Abundant Orientale basin interior deposits interpreted as mixtures of shock-melted material and partially melted to unmelted ejecta show no evidence for major structural deformation [Head, 1974] . Thus any major structural adjustments to basin topographic relief related to collapse of the transient cavity must have been completed prior to final cooling of these impact melt deposits [Head, 1974] . Some early topographic modifications, occurring subsequent to impact melt emplacement and related to local thermal contraction [Bratt et al., 1981 
The relaxation is faster (i.e., •0 is less) for lower viscosity, for smaller k or greater wavelength (2•r/k), and for greater gravitational acceleration. The solution for circularly symmetric topography is analogous to (2). If the initial topographic profile is f(r), where r is the radial coordinate, then at t > 0 the topography h(r, t) is given by [Cathies, 1975] (7) of Goetze [1978] and are appropriate to olivine of approximate composition (Mgo.9Feo. 02SiOn at stress differences of 2 kbar and less and at confining pressures of 15 kbar and less. The possible effect of Coble creep [Goetze, 1978] at stress differences greater than a few hundred bars has not been considered in constructing these curves. The curves for pyroxene are based on the flow law parameters obtained by A vd Lallemant [1978] from creep measurements on 'dry' websterite (68% diopside, 32% bronzite) at stress differences less than 7 kbar and at confining pressures of 10 kbar. (7) is easily satisfied for all k and all time t; i.e., topographic slopes are gentle. The second inequality is satisfied for all time t and for small k when H = 100 km; for H = 50 km and wavelengths 2½r/k >-700 km, however, the expressions on the two sides of the second inequality in (7) are comparable in magnitude at t = 0. For these long wavelengths also, as noted above, the neglect of the spherical geometry of the lunar lithosphere introduces further errors in the relaxation problem. The longest wavelength components of the relaxation displayed for these models, particularly in Figure 5 , may require some modification once these additional aspects of the problem are incorporated in the analysis.
While the model of a viscous layer over a half space of much lower viscosity provides a simplified representation of a decreasing viscosity with ttmperature and therefore with depth, this model and the earlier half-space model ignore any isostatic compensation of the initial basin topography. Gravity anomalies over young basins indicate that the crustal thickness beneath basins is substantially less than beneath surrounding terrain [Bowin et al., 1975 The final analytical model we consider for lunar rheology is that of a layer of uniform viscosity ,/, density p, and thickness H overlying an inviscid half space Of greater density Pm = P + Ap. For this model, the topographies at the surface and at the depth of the density contrast are coupled through the equations of motion and the boundary conditions; see the appendix. The topography at t = 0 at the mean depth H must be given as an initial condition; we assume a specified fraction c (0 < c < 1) of local Airy isostatic compensation in order to relate the initial depth of the density contrast to the initial surface topography. We are restricted with this model to have the depth of isostatic compensation coincide with the base of the high viscosity layer, but with this restriction we can obtain an analytical solution that permits a full exploration of the effects of both a decrease in viscosity with depth and initial isostatic compensation of topography on the viscous relaxation problem.
The solution for topography h(r, t) at t > 0 is given, and the normal component of stress must be zero at the surface and -pgH -pmg e(x, t) at the interface, where g is gravitational acceleration. The condition at the interface reflects the hydrostatic state of the inviscid substratum. Note that these boundary conditions differ from those assumed by Ramberg [1968] in his treatment of this problem.
We assume that the solutions to (A8) are of the form p(x, z, t) = pgz + P(z, t) cos kx 
F(t) = a._.p_p [F(0) -G(O)]e-t/n+ P----(1 -c)F(O)e -t/•2 G(t) = p-p-[G(0) -F(O)]e -an + p-p-(1 -c)F(O)e -t/•2 (A35)
The two second terms in the right-hand side of (A35) are identical, so that at short time scales governed by r2 '• k 4 there is (for c < 1) a rapid partial relaxation of surface topography and a completely parallel movement of the density interface. The two first terms in the right-hand side of (A35) decay at the much longer time constant fl. The coefficients of the e -t/*• terms for F and G are in the ratio --Ap/p, so they correspond to complete Airy isostatic compensation. Thus in this long-wavelength limit, an initially isostatic topography will remain isostatically compensated for all t > 0, and an initial topography only partially compensated (c < 1) will become completely compensated fort >> ';'2.
